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ABSTRACT

Recent efforts with arrayed hot-film sensors, maintained at con-

stant temperature and mounted flush with an airfoil surface, are di-

rected toward detecting the various modes of change in the boundary

layer flow regimes. Shock tube experiments have been performed

in order to determine the response of a single hot-film element of a

sensor array to transiently induced flow behind weak normal shock

waves. The experiments attempt to isolate the response due only

to the change in convective heat transfer at the hot-film surface

mounted on the wall of the shock tube. The experiments are de-

scribed, the results being correlated with transient boundary layer

theory and compared with an independent set of experimental re-

suits. One of the findings indicates that the change in the air prop-

erties (temperature and pressure) precedes the air mass transport,

causing an ambiguity in the sensor response to the development of

the velocity boundary layer. Also, a transient, local heat transfer co-

efficient is formulated to be used as a forcing function in an hot-film

instrument model and simulation which remains under investigation.

INTRODUCTION

Shock tube experiments have been performed to determine the

response of one element of an arrayed hot-film sensor, mounted flush

on the side-wall of the tube, to the flow induced by weak normal

shock waves. The experiments attempt to isolate the response of the

anemometer due only to the change in convective heat transfer at the

hot-film surface. The work is the result of collaborative efforts with

NASA Langley Research Center, Hampton, Virginia, USA, where

a primary goal has been the refinement of a hot-film sensor able

to detect the development of perturbations in the laminar boundary

layer.
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The continuing effort to develop this type of constant temper-

ature hot film sensor is specifically aimed at the detection of the

various types of identified modes of boundary layer instability, for

example Tollmein-Schlichting waves, Goertler and crossflow vor-

tices (Wusk, et al., 1988). The particular effort with the arrayed

sensors, concentrating on both the sensor design, fabrication and

signal processing, is intended to provide an experimental tool ca-

pable of detecting spanwise patterns of vortical striations with a

spatial resolution better than two and one-half millimeters (0.1 inch)

per wavelength and a frequency response up to lxl05 Hz (Wusk, et.

al., 1988 and Ortgies, 1989). The ultimate goal is to qualify these

sensors for flight tests in order to gather data concerning laminar

boundary layer instabilities under operational conditions. Among

the performance parameters characterizing the sensor, the limit of

its time response is the most difficult one to predict. A local variation

in the convective heat transfer characteristic of the airflow will influ-

ence both the sensor and the surrounding areas of the substrate. An

analytic effort to understand the influence of the substrate involve-

ment on the arrayed sensor response was carried out by McRee

and Judge (1987), who set out to model the complete instrttment

behavior starting with both convection and conduction heat dissipa-

tion modes and ending with an electronic circuit response. Initially,

this model used a sinusoidally varying convective heat transfer co-

efficient as a forcing function in order to predict the anemometer

(sensor, substrate and circuit) response to a cyclical change in the

flow conditions. However, to make a prediction of the sensor's re-

sponse due to vortical flow conditions, it was necessary to input a

time dependent convective heat transfer coefficient characteristic of

vortical flows, but such a function was not available.

In order to produce some characteristic values of the convective

heat transfer coefficient resulting from actual transient flow condi-

tions, recourse was made to shock tube testing. This decision was

supported by the fact that the flowfield induced by the moving com-

pression wave approximates a step velocity change with respect to

time. Furthermore, the flow behind the shock wave both in the free



st.reamandin theboundarylayer,isamenabletoanalytictreatment
(Anderson,Jr.,1982,andMirels,1955and1956respectively).

The following sections describe in turn the experimental meth-

ods, analysis of the results, and the conclusions drawn. The exper-

iments were carried out in a 15.2 cm (6 inch) diameter shock tube

at the Instrument Research Division of NASA Langley Research

Center. The hot-fill sensors were mounted on a plug fitted flush

with the inside surface of the cylindrical test section wall as de-

scribed below. The flow velocity was deduced from piezoelectric

pressure transducer data, the change in convective heat transfer from

the hot-film anemometer, and the results were compared with those

from Mirels' transient boundary layer theory Ovtirels, 1956) and the

experimental shock tube data of Davis and Bemstein (1969).

EXPERIMENTAL METHOD

An array of four nickel film sensors (0.51x0.76 mm each) was

mounted on an insulating foam plug inserted through the cylindrical

wall of the shock tube. Only one sensor was active, and maintained

at constant temperature during the experiments. The built-up sensor

presented a roughness element of 0.1 mm or less at the inside wall

surface in the test section. A piezoelectric pressure transducer was

mounted opposite the hot-film sensor plug. Another piezoelectric

pressure transducer was mounted 61.0 cm upstream from the hot-

film sensor, allowing an independent time-of-flight measurement of

shock motion. Figure 1 is a schematic diagram showing the shock

tube layout, position of sensors, and the instntmentation assembly.

It may be noted that the 7.62 cm (3 inch) diameter driver section is

followed immediately by a diverging section with an area ratio of 4.

At low supersonic shock speeds, where the induced free stream flow

is subsonic, this diverging section acts as a subsonic flow diffuser.
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Figure 1. Equipment Schematic for Shock Tubes Tests

The sensor was set to a nominal temperature of 380 K (an over-

heat of about 85 K above ambient) and allowed to reach a thermal

steady state with the plug and the ambient air prior to breaking a

Mylar diaphragm in the driver (air) section. The sequence of tests

was performed at three sensor temperatures, corresponding to over-

heat ratios (ratio of the heated sensor resistance to the cold sensor

resistance) of 1.3, 1.4 and 1.5. The effect of increasing Lhe .cen-

sor temperature was to increase the anemometer sensitivity to flow

fluctuations and increase the frequency response of the anemometer.

The substrate temperature, measured at the thermocouple locadon

on the plug surface, maintained approximately the same average

temperature (22.8 + 0.6 °C) throughout the series of tests for all

three overheat ratios.

Before each test, the end plate of the shock tube was removed

and the debris remaining inside the tube due to the diaphragm rup-
ture was blown out, in order to minimize the amount of flow dis-

turbance present during a tesL The Mylar diaphragm was cut from

a sheet with thickness corresponding to an estimated driver rupture

pressure, and the diaphragm was inserted into its holder and placed

in position in the shock tube (see Fig. 1). A computer program

was implemented to initialize the Tektronix Oscilloscope parame-

ters and store the anemometer digitized voltage signals and position

1 pressure transducer response data. After these procedures were

completed, the driver section was pressurized until the diaphragm

ruptured. At the time of the diaphragm rupture, the maximum driver

pressure attained was recorded from a Wallace and Tierman pres-

sure gauge. Subsequently, the oscilloscope captured the transient

anemometer and "position 1" pressure transducer response data as

the shock passed the hot-film sensor. Tests were conducted at driver

gauge pressures of approximately: (1) 179 kPa (26 psig), (2) 338

kPa (49 psig), (3) 386 kPa (56 psig), to (4) 545 kPa (79 psig). In

most tests of interest, the ratio of the shocked gas to undisturbed air

pressure, P2/Pt, was 1.3. At each of the driver pressures, tests were

repeated for which the time base of the oscilloscope was changed

from 500 ps/div to 20/_s/div. The maximum experiment time, deter-

mined by the arrival of the reflected shock, was about 3 milliseconds.

The active hot-film sensor in the constant temperature anemome-

ter circuit was found to have a frequency response (weakly variable

with overheat ratio) of about 100 kHz, using a 30 kHz square wave

test. Data acquired by the oscilloscope for each test, the passage

of the shock front across the sensor station, was down-loaded to a

floppy disk. Knowing the anemometer circuit and overheat param-

eters, the voltage versus time values were transformed to convected

power versus time values (or local Reynolds numbers) as an indica-

tion of the time dependent convection heat transfer coefficient. The

initial conduction and radiation heat transfer rates prior to shock pas-

sage remained essentially unchanged as the transient boundary layer

flow developed over the sensor, because of the large thermal inertia

of the sensor substrate and the constancy of the sensor temperature.

RESULTS

Figure 2 displays the anemometer response versus time along

with the corresponding pressure transducer response. Incident and

reflected shock transients are clearly distinguished, and on an ex-

panded time base both transducers demonstrate a rise time corre-

sponding to lxl05Hz (see Figure 5). The shocked gas pressure (P2),

taken from Figure 2 (a), in ratio with the ambient pressure (PI) are

used to determine the shock speed from normal shock tables for

air; the deduced speed agrees to within one percent with the values

from the independent time-of-flight measurements of the shock front

between the pressure transducers. Test or experiment numbers are

designated by the prefix, "Exp." in the figures. As noted previously,



the anemometc: voltage signals (Figure 2 (b)) are transformed to
convected power-versus-time results. The convected power results
appear the same as those shown in Figure 2('o) after the de-level
reference power, prior to shock arrival, is subtracted. Two interest-
ing features of the anemometer response received further study: the

leading dip in convected power (reduced heat transfer from the sen-
sor), and the initial decrease in the power convected away from the
sensor surface during the first millisecond after the incident shock

passes across the sensor. From shock speed measurements, the tran-
sit time of the shock across the sensor is about 2.0 microseconds. It

is hypothesized that as the incident wave passes across the sensor,
the step change in the shocked gas temperature precedes the devel-
opment of the velocity boundary layer that begins to grow more

slowly due to a mass transport lag. These effects are discussed in
detail below.
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Figure 2. Signal Response at a Driver Pressure of 183 kPa (26.5
psig) for the (a) Pressure Transducer, and Co) Anemometer

Most of the data presented here are results from experiments
performed at a low shock pressure ratio, Pz/Pl = 1.28, which is the

basis for the anemometer response in Figure 2. Figure 3, however,
shows how the anemometer response dramatically changes when a
stronger shock (Pz/Pt = 1.60) is induced. While not well understood,

the case in Figure 3(b) suggests a fully developed turbulent flow,
quite different from the lower frequency, intermittent response found
at the lower shock speed in Figure 3(a). A recent paper (Johnson

and Carraway, 1989), describing experiments with hot films on flat
plates in supersonic flow, attributes the intermittency to boundary
layer transitional effects, and the lower amplitude, higher frequency

signal to fully developed turbulent flow. The thrust herein is to
treat the evidence for boundary layer development dur_g the first

millisecond of the low pressure ratio runs, and to correlate the data
with boundary layer theory due to Mirels (1956).
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Figure 3. Comparison of Anemometer Response at Driver Pressures
of (a) 183 kPa (26.5 psig), and Co) 543 kPa (78.8 psig).

Table 1 summarizes pertinent experimental findings in terms of
directly measured quantities and deduced, calculated quantities.

The value P4 is the driver gas pressul'e; Pl is the undisturbed gas

pressure; Tb is ambient temperature; T_b is the substrate temperature
(essentially unchanged during experiments); Tw is the sensor surface

temperature, Uw is the shock speed; P2JPI is the shocked gas
pressure ratio; Uc is the induced freestream speed of flow behind
the shock; Te is the shocked gas temperature; Tr is the recovery
temperature; and, h'(t) °l is the calculated theoretical convective
heat transfer coefficient (Ortgies, 1989) for a turbulent boundary

layer. The interpretation of a transient, turbulent boundary layer
development during the first millisecond of the experiment shown
in Figure 3(a) is based on Mirels' theory (1955 and 1956), where
a steady boundary layer problem may be solved in the frame of

reference of the moving shock. When the convected power versus
time data, which according to the theory should be a power law
relationship, is graphed logarithmically a straight line fit is found.
In nondimensional Stanton number -- Reynolds number form slope

parameters of --0.17, ---0.25, --0.18 are found respectively for the
thr_ cases reported in Table 1, and the corresponding correlation
coefficients (r2) are 0.827, 0.879 and 0.889. A comparison with the
Mirels' theory, where the slope should be,-0.20, for turbulent



Table 1. Measured and Calculated Experiment Parameters t

Measured Calculated

Exp. 1>4 PI Tb Trab Tw U,, Pz/PI Over _e T= T, h* • t°'2

No (kPa) (kPa) lie.at
gauge absolute (IC) (K) (K) (m/s) Ratio (m/s) (K) (K) (W ms°.Z/m2K)

22 186 103 295 296 380 385 1.29 1.3 65 318 320 220

39 185 103 295 296 400 383 1.29 1.4 62 317 319 216

47 183 103 295 296 421 383 1.28 1.5 62 317 318 214

+Expected error in the parameters in implied by the number of significant figures reported.

boundary layer development, is shown in Figure 4. It is seen from

Figure 4 that the experimental Stanton number is higher than theory

predicts for the same Reynolds number. This trend is repeated for

the other two test cases, which are not shown. Plotted with the

theoretical and experimental heat transfer correlations in Figure 4 is

the Stanton number correlation which fits the Davis and Bernstein

(1969) experimental data set. There was no evidence of a laminar-

to-turbulent transition, seen in the current work, even though the

results fall well below the critical Reynolds number for flat plate

boundary layer flow.
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Figure 4. Comparison of Experimental and Theoretical Heat

Transfer Results. Rex= is a Reynolds Number Measured

with Respect to the Shock Position

As noted earlier, an interesting development occurs as the shock

passes the hot-film sensor. A very pronounced dip occurs in the

anemometer signal a few microseconds after the shock front reaches

the sensor. Figure 5 shows the experimental data record on a

20_s/div time-base for an expanded view. Excited by the transient,

the hot-film sensor response drops negatively until it reaches a

minimum. It then incr_ sharply to realize a maximum within

the 25/_s time frame. During the course of the experiments, the

magnitude of the voltage drop was seen to increase with increasing

driver pressure P4, as illustrated in Figure 5. As seen in Figure

5(a), when P2/P1 = 1.28, the drop was approximately 0.27 V. In

Figure 5Co), where P2/P1 = 1.61, the drop was 0.55V. The data

obtained was repeatable and the trend was without exception. No

other experimental works have been found which discuss this leading

negative-going pulse in the hot-film sensor response.
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Figure 5. Anemometer Response Showing Wave Transit Effect, P4

= (a) 181 kPa, and (b) 531 kPa Gauge Pressure

A hypothesis is generated in order to explain the phenomenon

of this drop in voltage, which corresponds to a decrease in the con-
vective heat transfer from the hot-film sensor. It is known that as

the shock passes across the hot-film sensor, the temperature of the



freestreamgasbehindthewaverisesabruptly.It is further hy-

pothesized that the step change in free stream temperature across

the shock wave precedes the development of the velocity boundary

layer because of a mass transport lag. Consequently, natural convec-

tive conditions may prevail just prior to the build-up of the shocked

gas velocity boundary layer, but sensor/substrate to free stream gas

temperature differences are now less• Thus, a smaller temperature

difference along with natural convective heat transfer produces a

sudden decrease in the heat flux from the sensor. Note that the

substrate adjacent to the sensor maintains a temperature, T, ub, some

22_C below the shocked gas temperature, T, (see Table 1). The

current supplied to the hot-film sensor to maintain its constant op-

erating temperature is decreased, which produces the initial drop

seen in the experimental results for the first few microseconds of

the test. At the start of the velocity boundary-layer growth the heat

flux from the sensor is a maximum since the forced convective heat

transfer coefficient becomes large. As the velocity boundary layer

grows, the heat flux from the sensor decreases and the anemometer

supplies less current to maintain the constant operating temperature

of the hot-film sensor, which is the effect detected during the first

millisecond and seen more clearly in Figure 3(a).

The estimate of a natural convective heat transfer coefficient

is made by assuming a characteristic length equal to the area of

the sensor divided by the length of the sensor (0.762 mm). It

is also assumed that this characteristic length can be associated

with a small wire (horizontal cylinder). With these assumptions,

Morgan (1975) defines a natural convective correlation for various

ranges of Grashof numbers. After calculating the Grashof number

(approximately 0.12) and applying the correlation given by Morgan

(1975), an estimate of the natural convective heat transfer coefficient

is made yielding a value of 8.0 x 10tW/m 2 . K :t: 25 percent due

to the uncertainty in the correlation.

The transient convective heat transfer coefficient is divided into

three parts. The first is an estimate of the amount of natural convec-

tion occurring before the start of the test from the initial power being

supplied to the sensor to maintain its operating temperature. Second,

a heat transfer coefficient is needed from time t---0 to approximately

t=25 Vs which is based on the prior hypothesis. Finally, the tran-

sient response derived from Mirels (1956) for turbulent boundary

layer development is used for times greater than measured shock

transit times.

During the time that the output voltage drops dramatically and

rises again (0<t<25Vs), the heat transfer coefficient is assumed to

be a constant. The calculated time for the shock to pass across

the sensor ranges from 1.8 to 2.0 #s at the tested driver pressures,

based on time-of-fiight measurements. The measured time half-way

across the negative anemometer pulse is on the order of 5 to 12

,us. A discrepancy exists between the calculated shock transit time
across the sensor and the anemometer measured transit time. This

discrepancy may be attributed in part to the lag associated with the

mass transport of the gas behind the shock, but is more probably

related to the response time of the anemometer. The inverse transit

time of the shock moving across the sensor is larger by a factor

of 5 than the frequency response of the anemometer ( ~100 kHz).

Consequently, the anemometer may not be responding fast enough

to capture the full effect of the shock transit.

The natural convective value of heat transfer coefficient is as-

sumed valid during the shock transit time. The transient portion of

the convective heat transfer coefficient is of the form shown in Table

1 for a turbulent boundary layer• By combining the three portions,

a complete heat transfer coefficient is estimated for a given set of

test conditions. Figure 6 shows a convective heat transfer coeffi-

cient curve for Exp. 47. Thus. a computer model can simulate the

shock tube test cases using the combined heat transfer coefficient

as a forcing function.
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Figure 6. Transient Convective Heat Transfer Coefficient

CONCLUSIONS

The transient response of the hot-film anemometer has been an-

alyzed with a combination of results. First, repeatable data is easily

obtained over the range of driver pressures used. The experimen-

tal comparison of the data with transient, turbulent compressible

boundary layer theory seems to be valid within the first millisecond

of experiment time at driver pressures of approximately 179 kPa

(26.0 psig). Even at these driver pressures with statistically valid

curve fits, the theoretical Stanton number for turbulent flow is less

than the Stanton number obtained from the experimental data. The

slopes are similar (see Figure 5), but the coefficients have differ-

ent values, and the current results find a turbulent boundary layer

at Reynolds number below lxl_. After the first millisecond the

anemometer response becomes intermittent at the lower pressure ra-

tios. This may be due to flow disturbances occurring inside the

shock tube due to the diffuser, microcavities from the ports in the

walls, or unsteady turbulent free stream flow.

The comparisons with other experimental work (Davies and

Bemstein, 1969) indicate qualitative agreement. The analysis of

the anemometer response at the higher driver pressures must be

left to future testing under more strictly controlled conditions. A

surprising result of this work is the occurrence of reduced convected

heat transfer as the shock wave passes over the sensor. This effect

has not been clearly demonstrated in the other experimental works

examined by the authors. While an hypothesis is offered, further

investigation is needed to fully understand this phenomenon.

The computer simulation of the anemometer response (McRee

and Judge, 1987) is to be investigated in an extension of this project

with hope that agreement between these experimental results and



predictedanemometerresponsewill tendtovalidatethehot-film
anemometermodel.
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INFRARED SURFACE IMAGING AS A FLOWFIELD

DIAGNOSTIC TOOL
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Abstract

An infrared imaf'ng system supported by a

dedicated image processing system was

evaluated as a diagnostic tool for aerodynamic

research. The resultS reported herein

characterize the system's capability in

performing a variety of experimental inves-

tigations such as: temperature transients, air

velocity distrubutions, capture of vortices,

boundary layer flows and separated flows over

a flat plate with a two-dimensional rearward-

facing step.

i. INTRODUCTION

Infrared imaging systems are proving to be

convenient experimental tools for surface

temperature mapping. Their maln advantages over

the classical methods may be summarized as

follows:

1] They are non-intrusive, thus permitting

measurements without interfering with the

phenomenon under investigation and also without

the need to expose the sensor itself to poten-

tially hostile environments.

2) They map continuously the whole region of

interest (rather than discrete points), thus

producing "frozen" pictures of the entire field,

a feature of great importance when studying

unsteady phenomena.

3) They have the output displayed on video

screen, permitting real-time evaluation of the

results, and allowing the investigator the

flexibility of corrective actions while running

the experiments.

The use of these systems has been extended

to heat transfer research, e.g., from buildings

to their surroundings [1]. There, the actual

conditions were simulated by scale models in a

stratification wind tunnel. Thereafter, the

experimental data gathered as temperature

contours were used to calculate local heat

transfer coefficients, a loglcal follow-up is to

apply this method to aerodynamic research by

taking advantage of the inherent heat exchange

phenomena between an aerodynamic surface and the

surrounding fluid flow.

Basically speaking, there are two radically

different ways of heating an aerodynamic surface

and obtaining temperature distributions due to

the energy interaction with the free stream. One

method Is through passive heating due to recovery

of the freestream temperature in the stagnation

areas and the boundary layer [2]. The other is

by uniform active heating (e.g. by electrically

heated elements) and variable local cooling due

to the flowfield interaction with the surface.

For quantitative assessment, the raw IR data

is digitally processed by dedicated software for

image enhancement, allowing the capture of small

local differences in temperature, that are barely

detectable by the human eye in the original image

[3].

The work repbrted herein was aimed at

exploring the feasibility of using IR imagery in

aerodynamic research, using actively-heated

surfaces as targets, an AGA system for detection

and imagery and image processing software for

data extraction.

2. THE IR IMAGING AND PROCESSING SYSTEM

The nucleus of the IR imaging system is an

AGA Thermovision 782 camera equipped with 20*x20 .

lens coated for optimal response in the short

wave (5 _m) infrared spectrum. At O.5-m dis-

tance, the field of v_ew is 0.15 x O.JS-m.

Throughout the reported experiments, the aperture

was kept at f11.8. The optical scanning system

is syncronized such that four fields of 100

horizontal lines each, produce one interlaced

frame. The scanning rate is 25 fields per

second. The scanned field is reproduced on a

_pecially-designed black-and-white video display

unit, which facilitates direct or relative

thermal level _w_asurements. The angular

resolution of the system in the above configura-

tion is 0.003 radians.
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space Simulation Facilities (Sponsored
by IEEE)
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The digital image processing is performed on a

dedicated BMC IF800, model 20 personal computer

with 64K bytes main memory plus an extra 128K

bytes RAM PCB and two 5 I/4" disk drives. The

color CRT display has graphics capability.

A DISCO 2.0 software package is used for the

image processing and completely occupies a floppy

disk in a read-only storage mode. Up to 36

individual images can be stored on the second

floppy disk in a read-and-write access storage

mode. The automatic aquisition capability of the

system permits continuous recording of up to 16

images at an approximate rate of 1.5 Hz or

lower. Although both the field and frame

aquisition modes are available, only the field

mode was used. A key feature of this program is

the gradual assignment of eight tones of

artificial colors (from black through blue,

green, red, etc., to white), for corresponding

grey shades in the original image. Such a

display produces a color shade for each

temperature band scanned by the camera. The user

has the ChOiCe of getting temperature measure-

ments at a certain point or along specified rows

or columns, for given values of the input

parameters (emittance, transmittance, ambient

temperature, etc.). Also, the user can

concentrate on a given range of temperatures,

depending on the area of interest. The program

is quite versatile and offers an abundance of

processing and filtering choices; however, only

the essentials have been reported herein.

3. FEASIBILITY STUDIES

The IR imaging system can be used in

conjunction with actively-heated aerodynamic

surfaces in two ways. One way Is to suspend a

thin heated wire across a flowstream and to

monitor the temperature variations along it.

Assuming that the heat conduction along the wire

is negligible compared to the forced convection,

t_is method iS particularly effective in

capturing wakes and vortices. The other approach

is to bond heated wires or strips on aerodynamic

surfaces and to proceed with the measurement as

in the previous case. The latter method is

particularly well suited for detection of

separated-flow regions. When trying to apply

these methods, the experlmentaIist is presented

with some obstacles that are described below:

i. The wire material choice: The search for a

suitable wire materlal was defined in t_rms of

commercial availability in a variety of sizes,

price, electrical resistivity, specific heat,

temperature coefficient of electrical resis-

tivity, thermal expansion and chemical

stability. According to the aforesaid criteria,

Chromel emerged as the best practical choice,

followed by Constantan.

2. The emittance problem: Since Chromel wires

and strips are supplied with polished surfaces,

they have very low emittances (approximately 0.05

at room temperature). This fact raises two

problems; first, because of the low emittance

(and hence, high reflectance), one may get false

signals from reflections of heat sources in the

vicinity of the target. The likelihood of this

phenomenon increases with the dimensions of the

target (wire or strip). The second problem

arises when the heated element is bonded to a

substrate with a much higher emittance (e.g.,

wood). In this case, even though the substrate

is at a temperature equal to or lower than the

heated element, it will appear on the IR display

as a much "brighter" and hence hotter object.

This fact may cause severe problems in data

reduction as the IR image is processed into an

actual temperature field.

3. In the same context of a heated element

bonded to a substrate, it is important to

remember that the substrate is actively involved

in the heat transfer process both In the

conduction mode with the heated element and in

the convection mode wlth the flowfleld, thus

inducing a phase lag in the target's time

response. This complex coupled heat-transfer

analysis in conjunction with measurements

involving hot-film sensors is treated in [4].

4. The resolution problem: In terms of

measurement accuracy, the best approach is to

work with a target (heated wire) as thin as

possible. This arrangement gives a faster time

response and minimizes the heat conduction along

the wire, background reflection, flow

contamination and boundary-layer tripping.

However, such a choice is highly detrimental from

the IR imaging system's point-of-view. The

problem arises when the angle through which the

target is viewed by the camera falls below its

angular resolution. This means that the camera's

IR detector will get less photons from the target

than it would get from a target wide enough to

fill a whole pixel., Practically, this translates

into reported temperatures lower than the actual

ones. The low emittance of the wires only

aggravates the problem. A possible solution to

this problem is to assign emittances lower than

the actual ones in order to compensate the

detector for its lack of saturated target area.

T_is corrected emittance can be determined by

calibration versus a known target temperature.

It must be realized that since the result of the

calibration is influenced by:

a. target distance

b. target size

c. target true emittance

d. the lens' field of view,

a specific calibration is good only for the

particular conditions under which it was

performed. Therefore, each test configuration

requires its own calibration.

5. The out-of-focus background: When scanning

targets at very close distances, the background

may be out-of-focus, causing its emitted photons

to be "smeared" out, contributing an erroneous

signal at the detector. This may cause



abnormally(false) low temperaturesto be
attributed to thebackground.Whilea solution
wasnot foundfor this situation, oneshould be

aware of Its existence.

6. The flow regime influence on heat transfer

coefficients: When making measuren_)nts of

convective heat transfer phenomena, one has to

remember that the flow may be laminar or

turbulent, thus exhibiting different heat

transfer coefficients in the same field of view.

Therefore, differences in temperatures should be

analyzed carefully in order to trace them back to

their origin; namely, either changes in velocity

or changes in flow regime or both.

The aforesaid points illustrate the range of

problems that were encountered during this

experimental research. Simple flowfield

experiments were initially chosen in order to

ease the task of resolving the IR imaging and

data reduction problems.

4. EXPERIMENTAL RESULTS

Several different experiments were performed

in order to demonstrate the various possible

applications of the IR imaging system. In what

follows, the experiments and their objectives

will be presented to illustrate the experimental

method.

I. Air-jet heated suspended wire:

The purpose of this experiment was to check

the dynamic capability of the AGA system by

monitoring a temperature transient. The genera]

experimental layout is shown in Figure i. A

0.003" Chromel-Constantan unlnsulated thermo-

couple wire was placed 0.33-m above the nozzle of

a heat-gun, At time t:o, the, power switch was

turned from the "heat" position to the "cool"

position, while the air continued to f]ow cooling

the heating element of the heat-gun. The airflow

was aimed at the region of the thermocouple

junction, thus enabling a comparison of the data

obtained through the AGA system with the

thermocouple output. Sixteen consecutive frames

of the suspended wire were taken at 0,7 sec.

intervals. In parallel, the thermecouple output

was recorded on a strip chart-recorder. The

results are displayed in Figure 2, where one can

see qualitative agreement between the results

obtained with the two independent instruments.

The discrepancy at t-o Is due to the relatively

slow initial time response of the chart-

recorder. Ten more identical experiments were

carried out at different times wlth similar

results, thus proving their tepee tabil fry.

However, when the same experiment was run with

much larger diameter wires (0.015"), the results

obtained were not satisfactory, with the AGA

system consistently showing, during early times,

higher temperatures than the thermocouple

readings, This was explained by the possible

interference of the heat-gun IR radiation which

reflected from the wire to the camera.

2. Electrically heated suspended wire locally

cooled by an airstream:

The purpose of this experiment was to check

the resoIutlon capability of the AGA system in

monitoring temperature gradients a]ong the

wire. The test system for this experiment was

identical to that shown in Figure I, except for

the fact that the 0.003" thern_ocouple wire was

heated by an electric current, and the local

cooling was achieved with a low-speed airier (1.5

cm in diameter), flowing perpendicularly to the

wire. The effective air velocity at the wire was

checked with a Pitot probe and found to be

: 2.5 m/sec, which gives at 22C a Reynolds number

based on the wire diameter of ReD: 11.5. In this

regime the flow is laminar and the Nusselt number

from a standard correlation [5] is about 2.0.

giving a heat transfer coefficient of h = 725

W/m2K. Alternatively, from the IR image as shown

in Figure 3, the area of maximum effective

cooling is about I cm long, and the wire tempera-

ture {~ 42C) is about 20C above the jet tempera-

ture. With an appl_ed voltage of 22V and a total

wire resistivity of 152 Q , the current through

the wire was 0.144 A. which resulted in a heat

dissipation rate of 0.034 W at the location of

maximum cooling. The subsequent local heat

transfer coefficient of 726 W/m2K is in fortu-

itous agreement with the result determined from

the correlation.

This experiment and the crude calculation

comparing its result with a standard correlation

for forced convective heat transfer suggests that

through S tanton number correlations, flowfield

velocity variations can be traced back to local

temperature measurements.

3. Measurement6 in the wake of a cylinder:

Measurements were made in the wake of a

O.1-m diameter cylinder. These tests were

conducted in a 3'x4' low-speed wind tunnel. The

0.003" wire was placed perpendicularly to the

flow direction and to the axis of the

cylinder at O.3-m from the wind tunnel floor and

parallel to It. The cylinder was placeO five

diameters upstream of the wire and the IR camera

was located O,5-m downstream of the wire, looking

upstream at both the wire and the cylinder as

shown in Figure 4. At a freestream velocity of

14.3 m/sec, the Reynolds number Re D : 90000. The

thermocouple wire could be used alternately as a

thermocouple and as an electrically heated sensor

wire. The wire's thermal dissipation maintained

its temperature at about 50C above the free-

stream value. Figure 5 shows the result of the

experiment. Although the mean air velocity in

the wake is lower than in the freestream, the

heat transfer coefficient is higher due to the

turbulent vortical flow. In particular, it is

interesting to observe the effect of the main

vortices at the wake's edges where the heat

transfer rate is visibly higher than at its core.

In a related experiment, a 2-cm diameter cylinder



wasplaced24diametersupstreamof the heated
wire at an air velocity of 14 m/sec. The

temperature distribution along the wire is

presented in Figure 6. Such experiments were

carried out with wires placed between 8 to 32

diameters downstream of the cylinder. The wake's

signature on the wire was very visible on the IR

dlsplay, proving the system's capability of

capturing the effect of wakes even with wires at

relatively large distances behind the source of

the disturbance.

4. Flat plate measurements:

The last two experiments to be reported

herein were aimed at reproducing two classical

experiments in aerodynamics: the laminar velocity

and thermal boundary layer developnmnt along a

flat plate at zero angle-of-attack and flow over

a rearward-facing step. For this purpose, a

vertical flat plate with a 1.0-m span, O.3-m

chord and a sharp leading edge was placed

vertically In the wind tunnel previously

described. A 0,003" Constantan wire was wrapped

three times around the plate chordwlse and at

l-cm pitch. A 2" wide aluminum tape was applied

over the wires, from the leading to the trailing

edge to ensure uniform surface texture and

heating. The wires were heated by a constant

electrical current. The IR camera was placed

laterally O.5-m from the target plate, behind

another plate (parallel to the first one) with a

circular hole in it through which the camera

could view the target. This was done in order to

prevent vortices shedded from the camera from

interfering with the flow over the target

plate. The result for a velocity of 14 m/sec, is

presented in Figure 7. The Reynolds number at a

distance x-16-cm from the leading edge Is 131000,

so that the boundary layer is laminar all along

the plate [6]. The temperature irregularity at

the leading edge of the plate was due to IR

background reflections from the aluminum tape.

The result obtained is self evident. For

comparison purposes, one may use Reynolds'

analogy (i.e., Prandtl number of unity) and

therefore assume similarity between the velocity

and thermal boundary layer growth. Such a

comparison wlth the data available in the

literature [7] shows that the measured profile is

qualitatively correct, indicating the true

potential of the IR imaging system, i.e.,

simultaneous temperature mapping along a line,

and ultimately over a surface, with minimal

effort on the part of the investigator.

Finally, Qualitative data relating to flow

over a rearward-faclng step will be reported. On

the same flat plate described earlier, a 30-

degree wedge terminating with a 5-cm long and

2-cm high step was fixed to the plate, thus

creatlng a rearward-facing step geonwetry for the

flow. The step was placed over the heated strip

reported earlier, and was covereO with aluminum

tape in order to maintain a uniform emlttance in

the target area. The results for an air velocity

of 14 m/sec, are shown in Figure 8. One can

clearly observe the increase in the flat plate's

temperature due to the low velocities just behind

the step. As the flow approaches the reattach-

ment point, the temperature goes down once again

until the minimum is achieved in the vicinity of

the reattachment point, in agreement with the

expected behavior. Further downstream, the

temperature goes up as the boundary layer starts

redeveloping. An interesting point to note is

that the flow reattachment occurs about IZ-cm

downstream of the step (about 6 height steps),

which is in good agreement with results reported

in the literature [8].

5. SUMMARY

The infrared imaging system, when properly

and carefully used, has proven to be a viable

experimental tool applicable to aerodynamic

research. The scanning of actlvely-heated aero-

dynamic surfaces can produce very useful data on

forced heat transfer, velocity distribution,

boundary-layer flows, separated flows and wakes.

The method also has a limited capability for

capturing t_'anslents. This limitation is not

conceptual but is due primarily to the low

scanning and data aquisition rates characteristic

of the available hardware.

Typical results have been reported here for

a series of simple aerodynamic experlments.

Confidence has been gained in the use of IR

surface imaging as a flow diagnostic device,

especially since the relatively crude initial

experiments display good data repeatability for

both steady-state and transient temperature

fields. Work is continuing in order to develop

the technique as a low-speed quantitative tool

with obvious extensions to high-speed aero-

dynamics.
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Abstract

Infrared imaging systems can be used to
measure temperatures of actively heated bodies
immersed in an airstream. This monitoring of the

convective heat transfer process, provides also
information about the interaction between the

body and the flow. The concept appeals to

Nusselt/ Reynolds numbers relations in order to
produce data of interest from surface
temperatures. Two test cases are presented and
reference is made to analytical results: the

mapping of a laminar jet and the temperature
distribution along a constant power heated flat
plate in laminar boundary layer regime. Although
this research is currently focused on low speed

aerodynamics, the extension to high speed
aerodynamics, where the body undergoes frictional

heating is of interest in this context, too.

Nomenclature

k
• ii

qo

T

U

X

e

v

Nu

Pr

Re

thermal conductivity

heat flux (per unit time per unit area)

absolute temperature

freestream velocity

coordinate value in stream-wise direction

differential temperature (= Twall - T®)

kinematic viscosity

Nusselt number

Prandtl number

Reynolds number

1. Introduction

The traditional experimental tool in aero-

dynamics is the Pitot tube. Using the exchange
principle between the kinetic energy of the flow

and its pressure, this device measures pressures
from which corresponding velocities can be
determined. These measurements are by their very

nature, pointwise valid and intrusive. For
mapping a region of interest, the choices are
either to move the probe from point to point
within the flowfield, thus introducing uncertain-
ties associated with time-dependent phenomena, or
to introduce into the flow a pressure rake

Ph.D. student, Aeronautical Engineer, Member
AIAA

t*

Professor of Mechanical Engineering

Associate Dean, College of Engineering and

Technology

consisting of an array of individual probes, thus

perturbing the flow exactly at the points of
interest.

An alternative approach may use the

principle of thermal exchange between the
configuration of interest and the surrounding
flow. Starting from this principle, one may

assume that by measuring the temperature
distribution over an aerodynamic surface, the
local freestream velocity may be deduced through

a Nusselt-Reynolds type relation approach. This
concept is diagrammatically shown in Figure I.
With the renewed interest in high Mach number
flows, where the aerodynamic and the thermal

loads (with the resulting structural response)
are coupled, the infrared imaging technique

arises as a natural experimental choice. The
advantages it offers are that it's non-intrusive,
area-scanning, readily available and has plenty

of supporting software and hardware that is
developed not necessarily for aerospace applica-
tions, thus reducing instrument development
costs.

In this research use was made of actively

heated bodies and very low speed airflows in
attempting to isolate every factor that may
influence the measurements and assess

quantitatively its influence on the final
results. The main factors include:

I) The flow velocity

2) The heat exchange rate and surface overheat

3) The target material and its surface
properties

4) The lens field of view

5) The camera distance to the target

6) The ambient temperature

With increasing airflow velocities and the

respective Mach numbers, the concept of active
heating should be discarded in favor of passive

heating due to the increasingly higher recovery
temperatures at the wall. The latter concept is
valid as long as the gas in the immediate

vicinity of the configuration stays radiatively
non-participating. In the high Math-number flow

regimes (super-and-hypersonic) when the surround-
ing gas starts to be radiatively participating
(and eventually chemically unstable), this
technique maintains its vitality provided the
sources of radiation are properly associated with

their respective measured temperatures. However,
in this paper results are reported for actively
heated surfaces and low speed flows.

The target surfaces may be of two

distinctive types:
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i) They may be the aerodynamic configurations
themselves, the data obtained being influ-

enced also by boundary layer behavior, i.e.,
laminar, turbulent, transitional or

separated.

2) They may be very thin (heated) wires,
interfering to a minimum with the surrounding
flow and thus particularly well suited to
detect or map wakes, jets, shear-flows or any
other non-uniform flows.

In the early phase of this investigation a
series of experiments were designed and carried
out in order to check qualitatively how this

concept works. Widely different types of flow
such as laminar jets, wakes, laminar boundary

layer growth and separated flows over a rear-
facing step were mapped with very promising

qualitative results I.

Z. The IR Ima)in 9 and Processin_ S)stem

The nucleus of the IR imaging system is an
AGA Thermovision 782 camera equipped with 20°x20 °

lens coated for optimal response in the short
wave (5p m) infrared spectrum. At O.5-m dis-

tance, the field of view is 0.15 x 0.15-m.
Throughout the reported experiments, the aperture

was kept at f/I.8. The optical scanning system
is syncronized such that four fields of 100
horizontal lines each, produce one interlaced

frame. The scanning rate is 25 fields per
second. The scanned field is reproduced on a

specially-designed black-and-white video display
unit, which facilitates direct or relative
thermal level measurements. The angular resolu-
tion of the system in the above configuration is
0.003 radians.

The digital image processing is performed on
a dedicated BMC IFSO0, model 20 personal computer

with 64K bytes main memory plus an extra 128K

bytes RAM PCB and two 5 1/4" disk drives. The
color CRT display has graphics capability.

A DISCO 2.0 software package is used for the

image processing and completely occupies a floppy
disk in a read-only storage mode. Up to 36
individual images, which can be either fields or
frames, can be stored on the second floppy disk
in a read-and-write access storage mode. The

automatic aquisition capability of the system
permits continuous recording of up to 16 images

at an approximate rate of 1.5 Hz or lower.
Although both the field and frame acquisition
modes are available, only the field mode was

used. A key feature of this program is the
gradual assignment of eight tones of artificial
colors (from black through blue, green, red,
etc., to white), for corresponding grey shades in

the original image. Such a display produces a
color shade for each temperature band scanned by
the camera. The user has the choice of getting

temperature measurements at a certain point or
along specified rows or columns, for given values

of the input parameters (emittance, transmit-
tance, ambient temperature, etc.). Also, the
user can concentrate on a given range of tempera-

tures, depending on the area of interest. The
program is quite versatile and offers an abun-
dance of processing and filtering choices;

however, only the essentials have been reported
herein.

3. The Laminar Jet Experiment

The laminar jet experiment was intended to
test the capability of mapping flows with

position-dependent velocities using the heated
wire concept.

In this experiment, the infrared camera
mapped the temperature distribution along a thin,
electrically heated Chromel wire, part of which
was diametrically placed at the exit of a pipe
from which a laminar jet discharged into the
atmosphere. The measured temperatures were used
in conjunction with heat transfer correlations in
order to obtain the air velocity distribution
within the jet.

The Chromel wire 0.003 inch in diameter
(0.0762 mm.) was part of a Chromel-Constantan
thermocouple assembly that was previously used
for wire emittance calibrations as shown in
Figure 2.

Those calibrations were performed as

follows: A working heat-gun was aimed at the
thermocouple's junction, thus getting a direct
reading of the wire's temperature. This

temperature was double-checked with a mercury
thermometer. In parallel, the wire was
thermographed by the AGA system and the
temperature of the Chromel wire adjacent to the
thermocouple's junction was analysed with the

Disco 2.0 software on the system's micro-
computer. The emittance input of the wire was

adjusted until the result from the computation
equaled that of the thermocouple readout. This
result was checked with another software package
supplied by AGA and run on an HP-41 CV

programmable calculator with identical results.
The Chromel wire length was 40 cm. and the
Constantan wire length was 10 cm. The thermo-

couple assembly was hung between two vertical
bars 50 cm apart. The lenoth to diameter ratio
of the Chromel wire was 5250:1, so that the
influence of the heat conduction (in the area of

interest) to the supports can be neglected. The
wire was heated by a D.C. electric current

passing through it. The laminar flow pipe exit
was placed at I mm. distance from the heated
wire, at the center of the Chromel section, as
shown in Figure 3. The air-supply pipe had a
0.545 inch (13.353 mm) internal diameter and a

straight section of 80 cm., thus getting a length
to diameter ratio of 60. The air was supplied by

a standard 100 psi low-pressure supply system (of

the type that is usually found in laboratories
and workshops). The air mass-flow rate was
determined by taking total pressure and tempera-
ture measurements upstream of a sonic nozzle.
Three fine-mesh screens, (each rotated at 45 °

with respect to the others) were placed at the

entry of the straight section of the tube in
order to break down any large vortices or non-
uniformities that might exist in the flow. The
nominal mean air velocity in the tube was about 2

m/sec, and the corresponding Reynolds number
based on the pipe's diameter was about 1700,
which is well under the critical Reynolds number
of 2300.
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The infrared camera was placed at a distance
of 0.5 m from the wire. The experiments were
carried-out at four different levels of heating

corresponding to dissipation rates of 3.97, 9.71,
6.17 and 9.33 watts/m of Chronel wire.

For each separate experiment, 9 consecutive
fields were taken at a rate of 1.5 Hz and their

average was stored as a single frame on the
computer's diskette for latter analysis. During

each experiment, the range and level of the
camera were carefully set according to the

target's luminosity in order to minimize the
background noise and at the same time to prevent
the detector from being under or overexposed
(saturated) to the target's photons. In either

case the output result ceases to be proportional
to the target's temperature.

The results of the experiments at the three

lower heating rates are presented in Figure 4
while the result of the experiment carried out at

the highest heating level is presented in Figure
5. The darkened symbols are given for comparison
and represent the expected temperature distribu-

tion along the section of the wire directly
exposed to the laminar flow. The air velocities
were calculated assuming parabolic velocity
distribution as predicted by the viscous-flow

theory. The respective temperatures were deduced
From the

Nu = 0.795 Re0"384 I < Re < 35 (I)

cross-flow correlation 2. In this case the

Reynolds number at the computed points varied

roughly between 4 to 20. The most striking
feature of these results, is the ever increasing

discrepancy between the measured versus the
expected temperatures predicted by correlation
(I), for decreasing Reynolds numbers. Since this
correlation accounts only for forced convective
heat transfer, a first thought was to check the

possible contribution of the other two heat
transfer modes, namely conduction and radia-
tion. The radiation effect can be discarded from

the 9nset. Assuming that the emittance and the
absorptance of the wire's material are the same,
one gets for an overheat of 80 ° K above the room
ambient that the radiation effect is three order

of magnitudes lower than the generated heat. For
evaluating the possible heat conduction contribu-
tion, the temperature profile of the wire exposed
to the highest overheat was approximated by a

cosine-type function fit between 0 and _ radians.
With a maximum temperature gradient of 2524 :K/m

and a mean conductivity coefficient of 50 W/m°K,
the maximum conductivity loss for a wire element
between two adjacent sampling points is still two

order of magnitudes lower than the generated
heat; therefore, this mechanism can be discarded
too. One possible conclusion may be that the
forced convective heat transfer correlations

reported in the literature may not be applicable
all along the specified range of Reynolds
numbers, even though the conditions themselves

seem at least a priori, to fall within the
validation limits of the correlation.

In this context, it is of interest to check
how well the experimental results are corre-

lated. A quick ]ook at Figures 4 and 5 shows
that the scatter of the measured temperatures

decreases as the overheat level increases, a fact

that may be attributed to a better signal to
noise ratio. However, in spite of the apparent
advantages of high overheating, it should be

remembered that it may cause changes in surface
emittance, excessive wire elongation (that may
induce high amplitude vibrations) and thermal
contamination of the flow. Thus, the overheat
value should not be abused.

Further evidence that for lower Reynolds
numbers the assumed correlation fails to

reproduce the reality is provided by the fall of
velocity toward the jet's edge. Starting

approximately at Re=5, the predicted temperature
is higher than that measured on sections of the
wire outside the jet plume were the natural
convection was the more significant heat removal

mechanism. This result repeated itself on all
four experiments, and is of course unacceptable.

The deduction of the velocity profile from

the measured temperature profile through Nu-Re
correlations is also possible. This time, the

process is reversed and using the same correla-
tion, the differential temperature is assumed
known when calculating the velocity that would

produce it. The results as deduced from the
experiment with the highest heating rate are
presented in Figure 6. The explanation for the
increasing departure of the deduced velocity data

(Fig. 6) from the theoretical profile, compared
to that of the temperature data from which it was

deduced (Fig. 5) lies in the behavior of the Nu-
Re correlations. These correlations assume a

behavior like Nu_Re n, 0 < n < i. In the former

case oriel/rigorsa T_U-n, whlle in the latter
U _(AT)" , thus causing the deduced velocity
behavior U to be quite sensitive to the scatter
of the temperature measurements. In spite of

this fact the results of these experiments show
that for Reynolds numbers above 15, good velocity
estimations can be obtained even with the

existing correlations.

The encouraging aspect of this approach is
that as the Reynolds number increases with the

velocity, so does th_ heat transfer coefficient,
on a power law basis'. The net result of this
feature is to increase substantially the accuracy

of the velocity predictions from the temperature
measurements.

4. The Flat Plate Experiment

The second experiment to be reported herein
was aimed at reproducing another classical

experiment in aerodynamics: the laminar velocity
and thermal boundary layer development along a
flat plate at zero angle-of-attack.

The target flat plate measured 32 cm. chord-
wise, 90 cm. spanwise, was made of wood and had a
sharp leading edge of the type assumed in the
Blasius analysis of the boundary layer. The IR

camera was placed laterally at 55 cm. from the
target, behind a second plate (parallel to the
first one), with a circular hole through which
the camera could view the target. This was done

in order to prevent the vortices shedded from the
camera from interfering with the flow over the

target plate. As shown in Figure 7, the entire
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assembly was placed vertically in the depart-
ment's 3' x 4' low' speed wind tunnel where the

experiments took place.

The target flat plate was placed in the

wind-tunnel at O" 0.5 degree angle of attack, so

that the surface under investigation was at most
accelerating minutely the external flow.

The active heating of the target plate was

achieved locally, at one third of the span, by
wrapping chordwise a 0.00397" Constantan wire
three times around the plate at 2 mm. pitch and

connecting it to a power supply. To ensure
uniform surface texture and roughness, these

wires and the entire surrounding area in the
field of view of the camera were covered chord-
wise with three adjacent strips of 2" wide duct

tape. At 85 mm. from the leading edge, a Chromel
wire was soldered to the Constantan wire and its
lead was taken to the back of the plate through a

very small hole that was drilled in the wood.

This layout enabled emittance calibrations of the
duct-tape surface by providing the true surface
temperature. Hence, the Constantan wire played a
dual role in this experiment, as a heating
element when connected to the power supply, or as

a thermocouple element when connected to a
digital thermometer. The desired function was
selected by switching between the circuits•
Direct measurements performed during the experi-

ments show that heat was dissipated at a rate of

949 W/m 2 over that area of the flat plate that

was affected by the testing.

The guiding rule in performing these experi-
ments was to make them as short as possible.
There were two reasons for this, one concerning

the wind-tunnel operation, the other concerning
the substrate participation in the heat transfer
process• Since the wind-tunnel used in this

experiment is of closed circuit, type, the longer
the operation period the higher'is its air
temperature. This phenomenon has a negative
influence on the heat transfer process from the

flat plate to the fluid and in general is
disruptive to infrared measurements. The other
concern was that long periods of heating, would
effect the substrate to an unknown degree

resulting in long cooling times between runs and

irreproducible results. In this respect, the
thermocouple used for emittance calibrations
proved to be of significant help in establishing
the substrate initial conditions for each test.

A total of 20 tests were performed. Of

these, eleven tests were recorded. Since the
results of all the runs were very much alike,

only the last three were picked-up for data
analysis. The reproducibility of the results
ensured that no further benefit would have come
out of analyzing more profiles, except perhaps to
establish a statistical variation measure for the

data set.

The chordwise temperature profiles as
obtained from the last three runs are shown in

Figure B. The camera's field of view in this

configuration was 16.5x16.5 cm, and the Reynolds
number of that area of the plate scanned by the
camera varied between zero (at the leading edge)
to about 217000. This means that the phenomena
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addressed are all under the laminar boundary

layer regime.

The data as presented in Figure 8 displays

the temperature profile along the plate reduced
by the airflow temperature, versus the chordwise
coordinate. A primary evaluation of these
profiles will reveal the following:

I) The information gathered from all three runs
was quite reproducible and the data points
obtained from the different experiments
almost coincide.

2) The general qualitative behavior of the
temperature profile theory meets the

expectations based on laminar boundary layer
theory.

3) The temperature distribution exhibits some

irregularity around the coordinate X=8 cm.
This is the region where the thermocouple
junction was placed, a fact that caused a
slight "bumpiness" on the overlaying duct

tape surface. It is assumed that this
geometrical feature may have initiated a
directional emittance factor, which is

usually lower than its normal counterpart.
This effect, not being taker into account by
the system's softwave, is ultimately (and
falsely) interpreted as a local drop in

temperature.
4) The leading edge experiences an abrupt

increase in its temperature, due to its
sharpness. This geometrical Feature causes a
finite amount of heat to be absorbed by a

theoretically infinitesimal substrate mass,
with the consequent real increase in

temperature. The effect is further
augumented by the fact that the heating wires
being wrapped around the plate, the leading

edge is well heated from all around its
contour.

As a result of these considerations, it was

decided to proceed with the analysis of the
experiments, using only the data points starting
at the coordinate X = 1.9 cm from the leading

edge (the first 1.52 cm. from the leading edge
were ignored). The numerical values of these
coordinates resulted from the fact that the data
was extracted at each third consecutive pixel,

which on the plate is equivalent to an interval
of 3•8 mm.

In search for a model against which the

experimental results can be evaluated, the
physical reality of constant power heating at the
wall, suggests using the flat plate laminar

boundary layer model with constant heat flux at
its surface as the prescribed boundary

condition. The model assuming a general heat
flux distribution chordwise and its analytical

solution was formulated by Tribus and Klein 3.

When simplified to the constant heat flux
assumption, the solution reads:

• II

qo 1/3 (_)I/2 XI/2e (x) • 2.2019 _ Pr"

- const • XI/2 (2)
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According to this model when the flat plate
corrected temperature distribution is plotted
against the square-root of the distance from the
leading edge, the slope of the line is an indica-
tion of the heat flux convected into the

airstream. When this plotting is done for the
present case, as shown in Figure 9, its analysis

shows that although the data is well correlated,
the assumed linear behavior of the data is not

uniform all along the coordinate scale. A closer

look suggests one linear regression for the first
14 stations and another for the last 18 stations,

leaving 6 stations in between as a transition
zone. The question is what causes this change in
the pattern behavior. A possible answer lies in

the actual physical process taking place with
this experimental set-up and its departure from
the assumed model. As shown in Figure 10, the
theory assumes a flat plate "pumping" a constant
amount of heat flux into the airstream. For a
desired constant value of this heat flux, a

certain prescribed temperature distribution
should be maintained (or obtained) in order to
compensate for the fact that the boundary layer

thickens and heats up streamwise. In this case,
the constant heat generation rate is shared
mainly by two participating media, the wooden

substrate by conduction and the airflow by
convection. Heat transfer by radiation is also

taking part, but to a lesser degree. Since the
air cooling by convection is very effective on
the forward part of the plate, (due to the thin
boundary layer), the heat transfer by conduction
to the substrate is much less than on the aft

part of the plate, where the boundary layer is
thick and the convective heat transfer is much

poorer. The estimation of the boundary layer
behavior will show that between the First and the

last station of the first data group, it thickens
by 90% (from 0.60 mm. to 1.15 mm) while with

respect to the second data group, it continues to

thicken but onl_ by 30% (from 1.35 mm. to 1.75
nan.). Therefore, the heat conduction mechanism

to the substrate will play a more prominent role
on the aft part of the plate and contribute to

the change of the trend exhibited over its
leading part. Looking again at Figure 9, one may
further observe that the general trend of the

XI/2slope of e vs. is to decrease gradually
from the leading edge downstream, a feature that
may add additional evidence to the ever

increasing participation of the substrate due to
the gradual decreasing effectiveness of the
convective cooling.

The thermal energy analysis performed on the
flat plates is summarized in Table 1 which

clearly shows the gradual shift in the energy
transfer mechanism from the predominantly

convective mode in the leading edge area to the
predominantly conduction mode to the substrate
over the downstream regions of the plate. This
happens in spite of the fact that the wood
qualifies as a heat insulator. The radiative

heat transfer mode, although playing a minor role
in this configuration, cannot be ignored• Even

though the overheat degree was relatively
moderate 10 to 20°C, its contribution to the
total heat transfer dissipation was about 9%.

Theoretically, with different surface conditions
and identical overheat values, its contribution

could be as small as 1% or as high as 12%.

Table I: Mean values analysis of the heat transfer modes on a flat
plate heated at constant wall power generation placed in

an airstream at zero angle of attack. Re x = 1.233x10bX(m).

• H H ,i

qo cony Clo tad qo cond
X

w u N

6 gen q
o o gen o gen

Data points
(1) (2)

All 1.9 ÷159.9 42% 9% 49%

Ist group 1.9 + 68.5 64% 8% 28%

2nd group 95.2 ÷ 159.g 19% 11% 70%

I. distance from the leading edge (mm)
N W N i!

2. _o conducted _ qo generated - ((io convected + So radiated), mean

value OV/m2 )

cony - convected

gen - generated

rad - radiated

cond - conducted
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This experimentshowsin a primitive but
very fundamentalway the potential of using
infrared imagingin experimentalaerodynamics.
Firstly, noothermethodcansupplythe tempera-
ture distribution soQuicklyandeasily, with no
interferencewith the flowfield, the temperature

field, or the geometry of the surface. Secondly,
the flat plate temperature profile analysis in a
direction perpendicular to the direction of the
flow, provided a very easy means to determine

very accurately the effective area of heat
exchange. The knowledge of this area is critical
in establishing the correct value of the heat

flux for cases where active heating is
employed. Thirdly, the analytical method may be

also applied in an identical way to find the
freestream velocity U assuming the heat flux is
known. This mode will require either a solution
to the participation of the substrate in the heat

transfer process, or use of a substrata which is
highly insulative thermally. Recently, a work

which models and simulates highly time dependent
coupled convective and conduction heat transfer,
was accomplished with regard to hot-film time

response investigation 4.

The need to understand the substrate's

participation will become more accute in the
high-speed regime, where the active heating will
give way to frictional heating and the surface

temperature distribution might serve as an
indication of the aerodynamic loading.

S. Conclusions

The infrared imaging method emerges as a
very useful tool in experimental aerodynamics.
It can be used to measure temperatures along
thin, long, heated wires to map flowfield

velocities. A high heating rate of the wire will
generally give higher signal to noise ratios, but
it can also induce oscillations in the wire due

to its thermal elongation. Thus, the optimum
operating condition should be a compromise
between the two conflicting requirements.

Another possibility is to map surface tempera-
tures of aerodynamic configurations to deduce
thermal loadings, heat exchange processes and
eventually flow velocities. This method gave
encouraging results when it was applied to

determine the temperature distribution of a
constant power heated flat plate in the laminar
boundary layer regime. In general, this
experimental method focused the attention on the

need of better understanding the heat transfer
process associated with the coupling between the
flowfield forced convection and the substrate

participation by conduction.
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